A specific wave interface and its formation mechanism in an Al-Fe joint prepared by magnetic pulse welding method are investigated. Specific waves appear occasionally at the interfaces of joints, and the height of the wave peak coincides with the width of the transition zone formed by the enormous force. This work reveals that the specific wave interface is caused by high speed shearing at a certain angle. This shearing process can be classified using Stokes' Theorem, and the Navier-Stokes equation is employed to predict the height of the wave peak to obtain the width of the transition zone. V C 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4903044] As a novel solid phase welding process, magnetic pulse welding (MPW) has attracted immense interest for its potential in the welding of dissimilar metals. Similarly to explosive welding, a relatively wave-shaped interface, sometimes including a transition zone, 1-3 is formed at the interface of two metals during magnetic pulse welding. Efforts have recently been made to study the wave interface and explain the formation mechanism of the transition zone.
As a novel solid phase welding process, magnetic pulse welding (MPW) has attracted immense interest for its potential in the welding of dissimilar metals. Similarly to explosive welding, a relatively wave-shaped interface, sometimes including a transition zone, 1-3 is formed at the interface of two metals during magnetic pulse welding. Efforts have recently been made to study the wave interface and explain the formation mechanism of the transition zone. 4, 5 Most research activities have considered the main reason for wave initiation to be the reflected shock waves caused by the two metals interacting with the collision point. This follows the Kelvin-Helmholtz instability mechanism. 6 As for the transition zone, it has been suggested that the impact force propels the atoms towards each other and overcomes their natural repulsion forces to form a stable transition zone.
Our previous analyses revealed that in addition to the general waves, specific waves can be observed by SEM at some locations in the welding interface, which is not found in magnetic pulse welding. 7 A high strength joint is usually obtained when this specific wave occurs. However, the detailed nature of this specific wave and its formation mechanism are not well understood. In this letter, we report the formation mechanism of both general and specific waves in Al-Fe joints. We consider general waves to be caused by impact and incompressibility, whereas specific waves are caused by shear behavior. Under shear conditions, the width of the transition zone approached the peak height of the specific wave and could be calculated by the Navier-Stokes equation. Electron spectroscopy showed that the microstructure of the transition zone located at the welding interface consisted of Fe and Al, consistent with previous studies.
The experiments were performed on the EMF-20 magnetic pulse forming equipment at Harbin Institute of Technology. The details of the experimental processes can be found in Ref. 7 . In this study, two kinds of waves were generated at the welding interface, as shown in Fig. 1(a) . Fig. 1(b) presents an enlargement of the general wave, the formation mechanism of which is well-known and thus not elaborated here. Fig. 1(c) shows a specific wave, the peak of which has completely toppled over. The height of this peak was almost equal to the width of a uniform transition zone, and some transitions were completely surrounded by the toppled wave.
To study the formation mechanism of specific waves, we first explored the effect of impact velocity on the characteristics of the weld interface. Two different angles, large (7 ) and small (3 ), were used on the inner pipe end. Under these conditions, higher and lower impact velocities were obtained and resulted in different collision situations. As shown in Figs. 2(a) and 2(b), at both angles the specific wave was skewed towards the welding direction in some locations. The clear presence of mixed elements was observed from the wave, thus providing proof that the transition zone formed prior to the formation of the peak. At the same time, regardless of the angle size, this particular transition zone appeared behind the wave and the width of the peak after it had toppled was equal to the height of the transition zone. Energy-dispersive X-ray spectroscopy (EDS) conducted on multiple transition areas revealed a mixture of aluminum and steel metal regions, as shown in Fig. 2 
(c).
We next considered why these wave peaks were produced as a result of shear behavior between the two metals during the welding process. The shear behavior between two metals is similar to the physical process of Stokes first (SF) theorem. 8 A fast moving plate horizontally laid on the surface of a liquid will roll up to a certain height of the fluid. Under these conditions, the Navier-Stokes equation can be employed to calculate the height of the wave. Because the amplitude of the specific wave peak is the same as the width of the transition area, it is possible to calculate the width of the transition area if the wave height is known. Because an axially symmetrical tube was used in our investigation, the Navier-Stokes equation can be simplified as follows: 
where u(y,t) is the velocity of Al along the y direction and t is the viscous coefficient of the metal. The viscous coefficients of aluminum and steel under an impact pressure of 100 GPa are 1000 Pa s and 1200 Pa s, respectively, 9 t is the time when the wave is formed and can be calculated by
where k is the wavelength and U 0 is the collision point velocity.
The analytical model used is illustrated in Fig. 3 . In this model, the direction along the length of the outer tube is selected as the x-axis and the vertical direction is the y-axis. The pressure of the field is constant (P ¼ P 0 ¼ const). 
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The boundary conditions of the problem can be expressed as
where U 0 ¼ v/sinh, v is the collision velocity, and h is the angle of the inner tube. Supposing g ¼ 
Equation (1) becomes an ordinary differential equation
The boundary conditions are
Thus, the solution of Equation (1) is
where erfc is the error penalty function. Hence, on the basis of hydromechanics, 10 the width of the transition zone d can be calculated by
The pre-existing angle, transition area width, and the material parameters (at the angle of 3 and 7 ) were used to calculate g in Eq. (9) and obtain an integral formulation. Other experimental data (at the angle of 4 ) were employed to verify the accuracy of the model.
The width of the transition zone and collision speed was used to calculate the values of the parameter g under different processing conditions. The collision velocity was determined by the method described in Ref. 11 and the process parameters are given in Table I . It is clear that the bigger the angle, the higher the collision velocity, consequently, giving rise to a wider transition zone.
The value of g is more or less 4 at various angles and so the equation can be expressed as follows:
At an angle of 4 , the width of the transition zone is 10.5 lm and the calculated result is 11.1 lm with an error of 5.7%. This proves that SF theory adequately explains the formation mechanism of the wave.
The formation of the two typical waves can be described as follows. When a radial pressure is applied to the outer tube (Al) under a magnetic field, and the outer tube (Al) is accelerated and impacts the joining partner (Fe). The temperature of the system increases during the collision process. It is easy for Fe atoms to diffuse into the Al side whereas few Al atoms can diffuse into the Fe lattice because the temperature exceeds the melting point of Al but is still lower than that of Fe. Then the transition zone is formed first (earlier than the wave), and this is why a mixed zone is located above the wave. Afterwards, collisions occur sequentially because of the angle of the inner tube. The two metals impact in zone 1 owing to the smaller gap, as illustrated in Fig. 4 , resulting in the formation of a general wave.
When the two metals impact in zone 2, a shearing action occurs along the interface owing to the angle and bigger tolerance. The temperature of the transitional area is very high, as previously shown by Marya and Miyachi. 12, 13 At such a high temperature and huge shear force, the surface of the inner tube exhibits a fluid effect. When the stress wave caused by the collision between the two metals reaches the surface of the inner tube through transition, the Fe is rolled up to a certain height. The strength and hardness of the transition area are both lower than those of the mother materials, and the "rolled up" steel can easily move inside the transition area. When the steel reaches a certain height and meets the harder aluminum, the steel moves along the welding direction. The wave peaks also move in the same direction, causing the specific wave morphology. If the inner tube were to be replaced with a material having a bigger shear modulus, the amount of "rolled up" material may be smaller.
As the weld distance continues to increase (zone 3), there is more resistance to be overcome for deformation to continue. In general, the metal has very high yield strength under high stain rate. Therefore, the collision speed decreases and the relative movement between the inner and outer pipe is not sufficient for shear conditions. Consequently, only regular wave forms appear, resulting in intermittent regular and specific waves, as shown in Fig. 4 .
In conclusion, the formation of specific waves is caused by shear between two metals during collision. When the two metals collide at high speed, a transition zone is first formed and the impact creates a wave interface where the metal pieces meet. The peaks are brought to the welding side by the directional movement of the impact point. The thickness of the transition zone is similar to the amplitude of the peaks, which are tilted towards the welding direction. When the height of the specific peak increases, the welding joint is stronger. Hence, it is possible to design specific structures on the steel pipe surface to ensure that specific peak appears periodically to obtain a higher welding joint strength. Although the inner and outer metal pipes are treated as fluids in this work, the viscosity coefficients of aluminum and steel are far greater than those of most liquids, and this may be the reason for some error in our calculations. Further investigations are currently being conducted to improve the accuracy of our model.
